Abstract -In the field of photovoltaics, electroluminescence (EL) imaging has proven useful in determining the degradation of solar panels, primarily through use of expensive equipment within a confined lab setting. This study explored the potential of conducting EL imaging using relatively inexpensive equipment. Factors that heavily influenced the quality of EL images included voltage/current settings for the purpose of forward biasing the test panel, camera settings (aperture, shutter speed, and ISO), and amount of external light (not EL) detected by the camera. Once EL images were captured, the images with the best quality were analyzed and modified through image processing and photo editing. The quality of the final images was then validated through comparison with images captured in a controlled lab with higher quality equipment. Moreover, the results of transporting a solar panel are shown to be clearly observable using low-cost EL imaging.
I. INTRODUCTION
Vice versa to the situation of using light to generate current, photovoltaic (PV) cells generate light when supplied current. A photovoltaic cell acts like a diode or P-N junction. The photons of sunlight cause a cell to be forward biased and generate photocurrent. When a cell is forward biased by an external power source, excited electrons release energy in the form of near infrared (NIR) light. This emission of NIR light is referred to as the electroluminescence (EL) of the cell and is not visible to the human eye. However, through use of a camera that can sense infrared (IR) light, EL can provide insight into the state of "health" of photovoltaic cells. For example, EL images can show the degradation of a cell, i.e. micro-cracks, breakages, and even inhomogeneity in the crystal structure of silicon cells. Cracks and breakages, undetectable to the human eye but visible in EL images, are a common result of transporting and mishandling solar panels, and of fabrication and manufacturing defects. These images can be useful in studying the effects of PV aging or understanding the underperformance of a solar panel.
Currently, EL imaging is typically conducted in a lab setting where a solar panel can be concealed from external sources light, which negatively effects capture of EL images, through use of expensive equipment. This situation is not ideal for inspecting and maintaining solar panels after installation at, e.g. a solar plant. Results from an evaluation of inexpensive and portable image capturing equipment are necessary to achieve cost-effective EL imaging in the field.
II. IMAGE CAPTURE TECHNIQUE

A. Equipment
Two panels were imaged for method evaluation purposes: a 100 W polycrystalline Solartech panel with a short circuit current (I SC ) of 5.72 A for laboratory testing and a 240 W polycrystalline panel with an approximate I SC of 8 A. The first method of EL image capture involved the use of inexpensive equipment in the laboratory setting. An E-PL7 Olympus camera, with a 50mm f/1.4 Nikon lens attached via a Metabones N/F-MFT mount adapter, was initially used to capture EL images. The adapter had 0.64x magnification, resulting in a wider field of view and 1.3-stops of additional light sensitivity. As a result of requiring better low light sensitivity, the Olympus camera was replaced with an ILCE-7s Sony camera with a full frame 35mm CMOS sensor. A 24mm f/1.4 Rokinon wide-angle lens was attached to this camera via an N/F-E mount mechanical adapter (with no magnification optics). This lens allowed a wide field of view to image the panel from a relatively short distance. The IR filter covering each camera's sensor was removed by a camera modification company, and 850 nm cutoff visible light filters were used on the front of the lenses. Test panels were forward biased using a 60 V power supply and custom made Mc4-banana plug cables. Total cost, including the power supply, was less than $5,000 for a single-camera system.
The second method of EL imaging used the same camera equipment of Method 1 in addition to a custom-made hood that could be mounted atop fielded panels. The third method of EL imaging used a commercially purchased Reltron EL setup, complete with a dark room, and a -20 ºC 3 stage Peltier TE cooled silicon camera with a 52 mm sensor and 35mm lens with a long-pass filter. This cooling component significantly contributed to the total cost, which was approximately an order of magnitude greater than the cost for Method 1.
B. Image Capture Methods
Method 1 consisted of the test solar panel being propped up against the back of a laboratory closet where a negligible amount of light could filter in. The camera was mounted on a tripod 9 ft. from the panel. Camera settings were adjusted by directly operating the camera. Since the Solartech panel was specifically purchased for EL image testing, the panel was supplied with enough power to generate its I SC of 5.72 A to cause the panel to luminesce. The image capture technique consisted of quickly capturing sets of 10 RAW images of the test panel, alternating between being powered and unpowered. The length of time for capturing images was kept to a minimum as a precaution against overheating the test panel. The RAW images were later converted to TIFF format for processing in MATLAB. For the purpose of averaging out camera sensor noise, two median images were produced in MATLAB from the 5 powered and 5 unpowered TIFF images. The two median images were then subtracted to produce an image with limited impacts from external light. If needed, the subtraction image was scaled to provide a better contrast between the dark and light areas of the EL image. Additional editing was limited to straightening, lens and perspective distortion correction, and levels adjustment in photo editing software.
Method 2 involved the use of a hood composed of black corrugated sheets inserted into an extruded aluminum frame. These materials were lightweight enough for manual mounting but sturdy enough to remain stable atop a racked solar panel and support camera weight. The base of the hood was sized for a 72 cell panel, but created with inserts to function for a 60 cell panel, and had a foam rubber seal to help block out light. The aluminum frame had a mounting plate for the camera and handles for carrying; nylon straps were used to secure the hood to the PV rack. Ambient light that could leak through the back sheet of the solar panel was blocked by corrugated plastic sheets fitted against the back of the panel. Once the hood was mounted and secured with straps, the Sony "Smart Remote Control" phone/tablet app was used to adjust camera settings and capture sets of 8 powered and unpowered RAW images. The panel was powered such that 90% of the panel's I SC -7.53 A-could be generated. Images were processed using the same technique of Method 1.
Method 3 of EL image capture simply involved securing the test panel in the dark room and operating the camera and power supply with the Reltron PC software. Figure 2 is an EL image produced from Method 1 with the camera set to an aperture of f/2.8, shutter speed of 10 seconds, and ISO of 500. The panel contains many micro-cracks and breakages despite being newly purchased; this may be attributed to fault in the process of manufacturing or in shipping and handling. The micro-cracks are the thin crooked lines cutting through cells, and the breakages, dark spots on the cell, have been created by micro-cracks [1] . Inhomogeneity is the discoloration present in each cell. The image appears somewhat brighter in the center: this is likely a result of internal reflections in the lens, which was not designed for NIR use. Figure 7 shows an EL image of the fielded panel described above using Method 2 with the following camera settings: an aperture of f/2.8, shutter speed of 3.2 seconds and ISO of 2000. While not as sharp as the images captured in the lab setting, this EL image does show characteristics of the panel. For example, cell inhomogeneity is evident, and three cells stand out darker than the rest of the cells. The darker output may imply low energy conversion efficiency. While the bottom and top right edges of the panel appear dark, this should not be mistaken for conversion inefficiency; the darkness is a result of image processing on un-wanted NIR leaking through the base of the solar panel hood. To minimize NIR light leakage, a tighter seal between the foam rubber and panel is needed, in addition to between the corrugated plastic sheets and aluminum frame of the hood. Figure 8 ). The portion of the left cell above the crack is slightly darker than the portion below the crack. This may imply low energy conversion efficiency as well. The identical brightness of the portions below and above the micro-crack in the right cell suggests the micro-crack in the left cell is worse than that in the right cell. The EL images captured with the low-cost equipment and the high-cost equipment, though somewhat contrasting in quality, were comparable in presentation of micro-cracks, breakages, and inhomogeneity. Difference in image quality was primarily attributed to differing image processing techniques. The effects of transportation were apparent in the results of both Methods 1 and 3 in which an increase in microcracks and breakages was observed. The observation of panel characteristics in the results of Method 2 proved the success of field imaging using low-cost equipment, while additionally highlighting areas for equipment improvement. The result and advantages of overlaying an IR image with EL were presented. In conclusion, this paper aims to aid researchers in realizing the full potential of EL imaging.
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